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SYNTHESISOf TM ~LINIC YTTRIABY THER?ULPLASMAWESSIM3

tiraldJ. Vogt

NatorialsScioncoand TechnologyDivisicn
Los Alms NationalLaboratory
LOS Alamos,MU *XiCO 87545

ABSTRACT

Su&nicronpwdors of monoclinicyttriaworn pra~rul by
thamal plasmaprocessingof cmrcial yttriapc+rdar.Tha
startingyttriapcndorwas vacmrizadin ttm hot tail flama
0+ a ttmmal arfpnplain and ttm resultingvaporwas
quenchaclwith hydrogangas to form yttriaparticlaswith a
21-rmm@andiameter. The synt~sis of yttriaby oxidizing
yttrim carbidain the plasmawas also ●xaminad. Tha pla=
powderswar. characterizeby poudorx-raydiffraction,
transmissionelectronmicroscopy,and difforantialthmal
analysis.

IN7R0WCTION

Tha CWMM crystalstructuroof yttriais cubicwith t~ SP8C0
group Ia3,a = /.0604m [1]. Liko tha rare●arth sesquioxidas,yttria
can exhibitpolymorphism,●xistingin a mtastablo monoclinicphase
afterIlighpressuresynthaslg[2] or upon rapidsolidification
processing[3-4]. For tha rara●arth sesquioxidas,lanthan-, Corim,
and prasoodymimwith tha largastionicradii●xistas a hxa~nal A
form,wharoaselurmts samari~ to dysprosim with =ller i~ic radii
exhibitthe cubicC form at lowort~raturos and tha monoclinicB fom
at highart~ratures. TFM OXIMS of ●lmnts holmim to lutoti-,
plus yttrium,with tha smallestionicradiicomonly ●xhibitonly tha
cubicC form.

Y’ttriais knwn to rataintha C formfor tapsraturosup to 2030 K
[5],althoughMkstra and CJi,lwrich[6] slwculatadsnrlythat yttria
may transformto tha B format tanparaturosnear itsmoltin~point
(x271OK) [7], Tha hi$jhtamparaturgstudiosby FcI@xand Travorso[8],
houevor,falhd to find any ●videncofor a B yttriaphasobatwam 2000 K
and tha ~lting pointof Y?trla. Intorostingly,a Fmxagonalphasowas
obsorvodubva 2520 K and charactorizodby x-raydiffractionat 2600K.

Rapidquenchingof moltenmatorinlacan oftsnleadto rotontionof
a high tmparatur- crystalphaseat louort~raturos by rapidly
coolingmicrGparticleswittwuta phaae tral)sfonnationoccurring. This
ptmmnon Is ccxmonlyobmrvad in tharmalplasmaprocessingor
synthoais[4,9-12],whre quenchingratesof tha procossws can ranga
frm 10~ to 10~K/s. For ●XSMP1O,~tastablo phaaaa(e.g.,~,



dalta,and thataDhasosof almina) and motastablohightwqmraturc
phases(Ocg., totragoml phasesof zirconiaand hafnia)havobnn
obsorvadby tha rapidquanchingof sutmicronparticles.In this wrk,
plaama processing was usd to pr.paro sutmicronYI03 patiicl.s of ●ithar
tha B or C structure. The crystalstructureand lattice constantsfor
the plasmafxwciorsware investigatedby powdarx-raydiffraction.Tb
thrmal stabilityof mnoclinic yttriaand the B-to-Ctransition
temperaturerangsuaro examinedby differentialthamal analysisand by
staticanrtoalingtmsts in air.

EXPERIMENTAL

Plasmaytt.riawas preparadfromccmrmmrciallyavailablestarting
pwder of yttriaand yttrim carbida. lha startingYIChwas a -325mash
piwjerof a 99.9%purity, The starting~der was futihercharacterized
@t our laboratory,givinga BET surfacearea of 0.52#/g and a tiian
particlesizeof 23 micronswith an ElzoneParticloSizer. The YCZ
pwder was 99% pure,relativeto rareearth ~tals, at a -3?5wsh.
Thasecoarsapowdorswere transpotiodwith an Ar/G carrlorgas ti~

axiallyinjectd intottm tail flamaof a thmal arm plasfsa
[9,~:,12],shownin Figure1. Tha startingpowdarswora injoctadinto
the plasmagas at an axialpoint levelwith tha l~st turnof tb
prhary rf-coil. Tha starting~or feed ratesand carriarWS
compositionsare smvnariTcdin Table 1 with ttw synttwsisresults.

The sutmnlcronpcwlerswar. preparedin a plasmarsactor,shrz,lin
Figure1, utilizingan Inductivoly%oupledplasmaas tiscribadaarlior
[9,11,12]. Tlw plnsmao~ratjng conditionsaro givenin Table2, After
vaporizingthe startingpowdorin tlw hot tail fl~, tha $utamicron
pwciersnucleatadand grau in tha argonprocossQ.SSrapidlyqwncbd
with a rcxm-tmperatureargcm/hydrogangas stream. Tha quanchinggas
was injoctalusingthe radialinjectorschuM, shownin Figurelb,witn
fourorthogonal3* jots positioned18 cm balw tha injectionpointof
tha reactants.Tha radialquenchingdesignwas usedin thasa
exporimontsbecauseit providodmoro officiantgasquenchingthan the
annulardesign. Tb r~actorin Figure1 was muntad v~rtically~ith tha
procossgas flowingin tha dir~ctionof gravityand wag oquippodwith a
trap at tha tmttm to colloctnon-vaporizadparticles.Tha sutaicrom
particlesaftar●xitingtha raactorworo colloctadon mtallic flltara
dwnstroam of tha reactorand thenhandledin laboratoryair,

Tha crystalstructuroof tha plama-prcducadPowdorswaa
dotorminadby x-raydiffraction(XRD)with a Wintag FAD V
diffractmatoruningCuKa radiationwith a graphitammchrcmator.
Latticoconstantsworo dotorrnimdfrcm smplos containin~an lntornal2-
thatastandardof ●itharsilveror siliconpwdor. A lmbt-squer.sCQ1l
rtfinorrnntprogram[13]was uaad to indextha XRIIpatterl~s●nd to rsfina
th9 latticoconstants. Tha Powchrmorphologywas oxamlnadby
transmission●loctronmicroscopy. SpecificRET surfacaarwu mrs
maauurwiby tha multipointrtothod.Tha B-to-Ctransformationtfat



●xaminadby differentialthamal analyaiswith a Wting rat.of
10” C/rein in a flowingargonatmosphara.

RESULTSAWI DISCUSSION

The synthasisresults and physicalpropatilesof tha plasm
~ers taken frcxntha pwd.arcollectorare givenin Tablo 1. Thofiite
yttriapouder~les pro~,redfrom startingY202 had lar~ surfam
areasgreaterthan 50 #/g; wkreas, tb plasmayttriafrcm starlingYC2
had a surfacearea near 20 #/g. Tti surfaceareasfor powdsrs‘i,2,
and 3 correspondto a maan ~uivalent sphericaldi~tors of 20, 21, and
56 m, usinga thaareticaldansityof 5.47 g/c# for B form yttria. The
smallerparticlesizesobtaind from statiingY20aec=Oard to tksa
frm YCZ aro probablythe resultof lessparticlegrowthfrcn tM
ytt;im vapor phasedue to smallerpartialpressurssof yttrim-oxy~n
speciespr~ucd by vaporizingyttria.

A singledensitydeterminationfor pmder 3 y~ollklan
experimentaldensitycf 4.98 g/a#, filch is Q1.0%of tha tboretical
dansityfor monoclinicyttria. Tha masurrnnt was dons with an
autmatic pycnmator with a halim workinggas. ThIS10U roaultis
probablydue to tha prosencoof adsorbodwateron ttm fin. patiiclos,as
the samplewas not haatadto rmve adsorbedgasasand vapors.

Transmissionelectronmicrographsof tha plasaayttriaindicatoa
generallyspheroidalparticleshapawitt,saw faceting,as swn in
Figure2. Ttm ytt.riapcdars a~arod to ba 100W1Y agglcmaratadsinglo
particleswith littlehard agglrnration,as avidantby lack of bridginq
or wettinnat tlw intarparticlocontactpoints. In Figuro2a tha
particlediametersfor poudor2 rangafran 10 to 100m wit;]tha
CIKJOrltY uf particlesIMtWWn 10 and 50 rrn.Thisobs.and size ran-
qualitativelyagreeswith tha BET surfacearearnasur~nts.

Tha yieldof submicronmonwlinic Y~Osfrcmcosr-r yttriawas
typically3 to 4% of the amountof startingpoudarinjoctod. Mass
balanceof tha poudarswithintha reactorSW thatapproximately26%
of tha Y~Os poudorwas dopositadon the water-coolulreactorwalland
approx~taly 70S was foundin plmbing and -r trap●t tha bott~ of
tha reactor. HeasurodBET aurfacoareas for ttmsatw fractionsworo
Wnerally 20 and <1.0#/g, rospoctivoly.Thinobaarvatlonou~stti
that parhapsles~ than 25X of tha ~njoctadY~Oswas vaporizedand
recotinaed in tha argonplasmaof tho r~actor. In ordarto Incraasc
tha yieldof sutmicronmonoclinicY20a,a nitro~n or hydrwn/argon
plasmawith its far groatorgas●nth.alpywouldM dasirabloto valxxizo
a largarfractionof tha injectedyttriao Hcmvor, in this wrk an
alternateayntbsia reactionwas investigatedfor t~ argonplasmaby
preparingauhicron yttriafrm a startingyttri~ mrbldo powder
roactodwith ●xcocsmolocularoxygon.



%wdor 3 in Table 1 was propamd by ttm plarn oxidatiom of
yttrim carbide. In ●xporiment3 oxygan1*w61in W carrier~.s wes
approximately12&times grmtor than stoichirntricfor yttria. A% ●

result,the conversionof carbideto oxidewas●ssantially CCWIWO for
this reactivacarbid~. The yieldof sutmicronyttriaSt ttm filter
Coilecto- Increasedby ten-foldto 31$. However,as a mcmsary trado-
ofF for a graateryieldof oxide,the startingcarbide,as ●pectad, was
far more difficultto feedat a nearlyconstantfeedratethan tha
startingccmmrcial yttria.

The powderscollectedon the filtersconsistedlargelyof the
monoclinicB formof yttriawith minoramountsof tb C fore,m scan
frcm the XRD pntternsin Figure3. In the XRO patttrns,ttm cubicC
formwas presentprimarilyas a <222>shoulder-k cm tb monoclinic
<111>-k. The plasm yttriapreparedfrunYC2 had a largerfraction
of cubic yttria,as evidentin Figure3. Figure4 illustratesthe
typicalpowderx-raydiffractionpatternfor powder2 overth 2-theta
rangefran 25” to 65’. The CuKalpeak positionsagreedquitewellwith
tkse valws derivedfrm ttm previouslyrapotiticrystallographic
constants[2-3],

The measuredlatticeconstantsfor nwmclinic yttria,spacegroup
C2/m,are glvonin Table3 with tlw earllorvaluesof Hoekstra[2] and
Coutureset al. [3]. The indexedpowderdiffractlm~ttarn for pauler
3 is given in Table4 with ttm observedand fittedd-valums. The
l~tticeconstantsfor pm.lors2 and 3 are quitecmsistont with each
otherand with the earliervaluesof I+oekstra[2] and Couturosot al.
[3], Using the valuefor the ;011volme of powder3, the tboretical
densityof monoclinicY203was calculatedto be 5.47g/* for Z = 6
[2],which is 8.7% greaterthan the theoreticaldmsity of cubicyttria
(5.039/*) [11.

Tlmre ara S- mall, but significant,d~ffcroncosamongthe
fittedvaluesfor the lattjcuconstants,specially for ttm a constants.
The valuesfor constanta in powtirs2 and 3 differby 0.025angstrm,
wharethe constant.Q for pcwcler2 Is approximately0.18%lar~r than tha
a value for pcdar 3. This diffa?encaepp,~rsto b uigniflcant,
perhapsroprosontlnga quenchingor othorprocoming●ffmt during
particle~rowthfrm a yttriastartingpmdor. Coutllr@u●t al. [3]
observeda lar~r processing●ffoctan constantc in theirstudyof tha
rapidsolidificationof yttriavaporonto a coldsubstrata.An aeon in
Table3, tha valueof constantc was lar~r by 0.30angstrcn(3.5%)whafl
the yttriawas condmsad in a hydro~n a~sphero, ratherthan in a
nitrogmlatmosph9ro.Thy also obsorwd in tbir XRO work that tha
condensatesobtain~duridornitrogenwora bettorcrystallizedthanthose
obtainodunderhydrngan Similarly,in this mrk plasma~rs
preparn-dfrom the carbidoappe.ardto ba battercrystallizedthan tkse
preparadfrm the o~ide. Hawer, tlw lina brmdoning foundin tha Xl10
patternsfor ~ors 1 and ? was dafinitolyattributableto a particlo
size ●ffoct as indlcatadby tha lar~ BET turfacoaraaagiven in
Tablo 1.



The ttwmal stability of monoclinic yttria was oxminod by DTA
maasurmnts in a flowingargonatmsptirG. For a bating rato of
10”C/rein,powders2 and 3 undemont a tranafomationto cubicC yttria
with the onsetat approximately1300i 25 h and ●ndlngby 1400K; tho
maxi.munexottmrmicraloase of heatwas at approximately 1330 t 25 K.
DTA maasurants of the enthalpy of transformationfor powchr2 varied
frmn -3 to -9.3 kJ/mole,alt~ugh the actualvalueis hlievod to be
between-6 and -9 kJ/Mle. The causefor the widelyvaryingOTA va’Jes
for the transition enthalpy is not known at this time, pending furtter
study. Frunhis high-pressure data, Hoskstra [2] estimated an anthalpy
change of approximately +8 kJ/mole for the C-tM transformation.The
canpleteconversionof the B form to the C form in th DTA ~las was
confirmedby powderx-raydiffraction.

Monoclinicyttriawill SIWIY trafisfomto cubicyttriautm
hated in air at temperaturesjustbelou 1300K for a durationof
greaterthanone hour. limkstra[2] refmned thatcubicy’ttriawill
appearafterannealingin air at 1173K (900”C)for sevarallmurs.
Similarly, in this ~rk powder2 slowlytr~nsfomod to cubicyttriaat
1173 K uponannealingin air. Heatingfor one hour gavemeasurable
changesin tha relative~ak lntensitiosin the pwder XRD pattern. TN
thermalconversionrateat 1173K was quiteslowwith a significant
fractionof mnoclinic yttria still present afterten hoursof heating.

CONCLUSIONS

The sutmicronyttriaparticleswere readilypreparedby axially
injectingyttriaand yttriuncarbidewith oxy~n intoa uheml rf-
plasmatailflame. The major crystalline phase of t.hea.a powders was thi
~tastable mnoclinic B f~rmc-nly obs.orvadin rare mrth
sesquioxides.The monoclinicB form rapidlytransfoti to the cmn
cubicC fom af:erseveralminutesat temperaturesabove 1300K and
quiteslowly,takingmany hours,at t-peraturasbelow 1300 K, Tti
enthalpy for the B-to-Ctransfomatioowas ●sttitti to b l@9st~n
-9.3 hJ/mnle,althougha precisevaluecollldnot be dotamind by DTA
measuremmts.
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Table 1. Synthesis Rewlts For Poudors Colloctod
Om Filters.

Experiment NO. 1 2 3

Carrier Ar (slm) 4.1 4.1 3.8

Carrier 02 (sl~) 0.025 0.050 2.9

Mean Feed Rate 0.56 0.67 0.16
(9/rein)

Per Cent Yiel* 3.5 3.2 31

BET Surface Area 65.4 52.9 19.6
(#/g)

● Yield at filtercollectorrelativeto ttm
theoreticalyield.

Table 2. Plasaa-rating Conditions

Expertint h. 1 2 3

Plate Powor (kW) 37 39 41

Frequency (kHz) 360 357 363

PlasmaAr (slfm) 30 31 31

Qwnch Ar (sl~) 6,0 5.8 6.5

Quench Ha (slpm) 6.1 6.1 6.1



Table 3. LatticeConstantsfor Monoclinic Yttria.

Reference
cell

5eta Volme
(:) (:) (:) (degree) (A3 )

HOekstra (2) 13.91 3.483 8.595 100.15 409.80

Coutures (3)
(in Hz) 13.90 3.489 8.901 100.06 425.04

(in N2) 13.90 3.485 8.598 100.11 410.03

Powder %2s 13.9245 3.4900 8.6127 100.20 411.94
0.0041 0.0009 0.0031 0.03 0.16

Powder $3s 13,8992 3.4934 8.6118 100.27 411.44
0.0024 0.0005 0.0013 0.02 0.08

●Estimated uncertainty frm the least-squares fit are given
below the value for the lattice constants.



Table4. Pwdor Diffraction Data for Monoclinic
Yttria Pouder 3 with th Fitted

d-values’.

d(obs) I/’Io hkl d(calc)
(A) (z) (A)

5.858
3.930
3.346
3.097
2.992
2.929
2.824
2.774
2.704
2.589
2.280
2.217
2.162
2.120
2.095
1.879
1.819
1.760
1.747
1.674
1.825
1.543
1.608
1. 5U0
1.486
1.464

4 2
7 2

20 2
95 1

83 4
96 4
43 0
75 3

100 i
4 1

18 6
9 1

21 5
8 0

61 3
75 3

4 5
7 1

38 0
47 7
34 7
14 1
21 4
26 4
12 0

8 8

0
0
c1
1

0
0
0
1

1

1

0
1

1

0
1
1

1

1

2
1
1
1
2
2
2
0

-1
-2

2
1
7

-2
3
0

-I?
2
0

-3
-1

4
-3

3
2
4
0

-2
1

-5
1

-2
3

-4

5;8S6
3.929
3.344
3.096
2.9!41
2.928
2.825
2.773
2.703
2.589
2.279
2.217
2.161
2,118
2.096
1.879
1.819
1.761
1.747
1.675
1.624
1.543
1.508
1.500
1.486
1.464
——

m The fittad d-valueswere calculatedfrca the
latticeconstantsgiven in Table3.



Figure Captions.

Figure la. Schematic of Inductively%oupled plasma reactor used to
prepare submicron yttria pouders.

Figure lb. Schematic of annular afid radial qwnch gas Injection
system . Seth quenching designs can be used with the plasm reactor.

Figure 2. Microstructure of plasma synthesized yttria powder.
Particles wero prepared from (a) micron-sized Y202 powder and from (b)
coerse YC2 powder. The particles appear to be single crystals of
roughly spbrical shape.

Figure 3. XRD patterns over a 25-35” 2-theta range for (a) povrder 1 and
(b) powder 3, showing the most characteristic reflections for ~linic
B yttria. The two peaks labelled with a “C’” correspond to the <222> and
<400> reflections for the cubic C phase.

Figure 4. Typical XRI) powder pattern for powder 2 over a 25-65” 2-theta
range.
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